Abstract
Introduction

48
Crop growth, development and grain yields are greatly influenced by climatic factors, 49 including solar radiation, precipitation, and temperature. These factors are closely related and 50 affect yield in different ways. Consequently, understanding the factors that determine crop 51 yield is essential to forecasting regional crop production, improving crop management 52 techniques and adopting feasible strategies to deal with climate change (e.g., Qian et al., 2008; 53 Yu et al., 2008) .
54
Numerous studies have attempted to quantify the crop-climate relationship through the 55 application of statistical regression analysis over the entire and/or critical growing period 56 (Nicholls, 1997; Lobell and Asner, 2003; Lobell et al., 2006 Lobell et al., , 2007 . Nicholls (1997) 57 attributed the increase in wheat yields in Australia to the decrease in frost frequency. Lobell 58 and Asner (2003) reported significant relationships between growing season temperatures and 59 corn and soybean yields based on county level data in the USA. Huff and Neill (1982) 60 concluded that precipitation controlled the corn yields over five Midwestern states in the 61 USA. A number of studies have shown that yields from a variety of crops were linearly 62 related to seasonal crop water use or available water at planting as influenced by precipitation 63 in dry regions (Nielsen, 1997 (Nielsen, , 1998 (Nielsen, , 2001 Nielsen et al., 2002 Nielsen et al., , 2006 . Large-scale climate 64 events, such as ENSO and Monsoon, also affect crop yields, through alterations in rainfall 65 and temperature regime (Hansen et al., 1998; Podestá et al., 1999 Podestá et al., , 2002 Potgieter et al., 2005; 66 Sultan et al., 2005) . These studies illustrated definitive correlations among crop yields and 67 climatic factors. However, those climatic factors influencing crop yields are often correlated 68 with each other. For example, rainfall increases soil water, but is also associated with 69 5 decreases in solar radiation and daytime temperature. In humid areas where precipitation is 70 abundant but solar radiation is limited, the latter can be the dominant factor defining crop 71 yield, whereas in dry regions where precipitation is low, yield is mainly limited by water 72 availability (Yu et al., 2001) . Furthermore, the limiting climatic factors for crop yield may 73 change with growth stages.
74
Wheat yield varies from year to year because of the effect of management practices and 75 weather conditions (Thompson, 1969; Baier, 1973) . The general increase in yield over time statistical approaches such as fitting, filtering (Chatfield, 1996; Manly, 1997) , the time trend 
82
In previous work, crop yields were defined in three general categories: potential, 83 attainable and actual yield levels (Rabbinge, 1993 (Eghball and Varvel, 1997; Lamb et al., 1997) , it is necessary to quantify their relationships 94 separately. Applying cluster analysis to multi-year crop yield data may be an effective means 95 to identify temporal yield patterns (Jaynes et al., 2003) . Cluster analysis has been widely 96 adopted to examine crop-climate interactions (Dobermann et al., 2003; Jaynes et al., 2003; 97 Perez-Quezada et al., 2003; Roel and Plant, 2004a, b; Jaynes et al., 2005) , including the 98 effects of ENSO on crop yields (Potgieter et al., 2005 Ahuja et al., 2000) . Crop models are designed to describe crop growth and 107 development processes in simple or complex manners, which can help to understand climate 108 constraints on crop growth and yield (Ritchie et al., 1998) . As crop models are always a 109 simplification of the real system, they must be validated against experimental data for their 110 suitability under specific climate and soil conditions (Wallach, 2006 historical yield data in Queensland, Australia.
200
The APSIM has been widely tested against field measurements under a range of growing 201 conditions in Australia (Asseng et al., 1998 (Asseng et al., , 2000 Probert et al., 1998) . In the simulations of 202 this study, specific soil characteristics (i.e., saturated water content, drained upper limit, lower 
Results
210
Wheat yield-climatic relationships
211
The relative detrended yields were significantly (P  0.001) correlated with maximum and 212 minimum temperatures, solar radiation, and precipitation during the vegetative stage.
213
However, during the reproductive stage, only maximum and minimum temperatures showed 214 significant correlation with the relative detrended yields, not precipitation and solar radiation 215 (Table 1) .
216
These apparent relationships between yield and sole climatic variable may not reflect its 217 actual effect. Rainfall is normally the dominant factor affecting wheat production in this 218 region, but temperatures and solar radiation will affect wheat yields as well, and precipitation 219 is related to both temperature and solar radiation. Fig. 4 temperature increased with precipitation, the increase rate was 0.28 degree/100 mm and 225 rainfall only contributed 11.7% in its variation, which is too small to be considered (Fig. 4) .
226
Rain and non-rain weather are two distinct types of meteorological phenomena that 227 interact and influence crop growth. In both vegetative and reproductive periods, high 228 precipitation was usually accompanied by low maximum temperature and low solar radiation Table 2 ). Precipitation also showed a close relationship with minimum temperature in 230 the vegetative stage, but it was not significant during the reproductive period (Table 2) .
231
Direct and indirect effects of precipitation on wheat yield are illustrated in the Fig. 5 .
232
Precipitation events increase soil water content, and decrease solar radiation and daily 
Climatic year patterns of wheat yield
240
After cluster analysis was applied to yield and meteorological variables during both 0.012, 0.196, and 0.376, respectively (Fig. 6 ).
244
As shown in the reproductive stage crop yields were more influenced by maximum temperature (Table 1   276 and Fig. 7 ).
277
In terms of the total precipitation during the entire growing season, patterns C and D had 278 similar levels of total precipitation (357 mm vs. 317 mm), but the relative detrended crop 279 yields showed large differences. This is mainly due to the difference in the distribution of (Fig. 7) . Solar radiation
304
was not significantly correlated with crop yield during the reproductive stage (Table 1) . 
314
We therefore applied the same normalization method deriving the relative detrended 315 yield to the modeled yields as applied previously to the historical wheat yield data. corresponded to high LAI and biomass, and LAI and biomass were low in low yield pattern 327 years (Fig. 9) . The coherence between the simulated yield and LAI and biomass indicated 328 that yield is closely related to LAI or biomass, which is well described by the APSIM model. in the study area. For annual crops, this is much higher than the warming trend.
339
As rainfall in vegetative and reproductive stages exerted different effects on wheat yield, 340 its variation will have significant implication for wheat production. Decreases in rainfall in 341 the vegetative stage and increases in reproductive stage (Fig. 1) reduce wheat production.
342
Maximum temperature, minimum temperature, and solar radiation were closely 343 correlated with precipitation. These variables had measurable influences on wheat yields in
344
Queensland. However, precipitation is considered to be the most important driving force. Our et al., 1990; Law and Crafts-Brandner, 1999; Sharma and Singh 1999) .
361
Crop yield is defined by abiotic stresses over time scales of diurnal, daily, seasonal 362 variations of climate and soil conditions. The crop growth modelling is run on daily time step,
363
whereas the year-pattern identification in this study is based on seasonal variation, i.e., two Tmax5-9 Tmax10-11 Tmin5-9 Tmin10-11 Ra5-9 Ra10-11
Precip5-9 -0.0058* n.a. 0.0072* n.a.
-0.6704* n.a. 
